We transformed mouse podocytes by ectopic expression of cyclin-dependent kinase 4 (CDK4). Compared with podocytes transformed with a thermo-sensitive SV40 large T antigen mutant tsA58U19 (tsT podocytes), podocytes transformed with CDK4 (CDK4 podocytes) exhibited significantly higher expression of nephrin mRNA. Synaptopodin mRNA expression was significantly lower in CDK4 podocytes and in tsT podocytes under growth-permissive conditions (33°C) compared with tsT podocytes under growth-restricted conditions (37°C), which suggests a role for cell cycle arrest in synaptopodin mRNA expression. Confluent CDK4 podocytes showed significantly higher mRNA expression levels for nephrin, synaptopodin, Wilms tumor 1, podocalyxin, and P-cadherin compared with subconfluent cultures. We carried out experiments to clarify roles of various factors in the confluent podocyte cultures; our findings indicate that cell-cell contact promotes expression of five podocyte marker genes studied, that cellular quiescence increases synaptopodin and podocalyxin mRNA expression, and that soluble factors play a role in nephrin mRNA expression. Our findings suggest that CDK4 podocytes are useful tools to study podocyte biology. Furthermore, the role of cell-cell contact in podocyte gene expression may have relevance for podocyte function in vivo.
PODOCYTE CULTURES, ESPECIALLY podocyte cell lines transformed by thermosensitive SV40 large T antigen (SV40 T), have been widely used to study podocyte biology (19, 25) . However, as we recently reported in studies on a generation of mouse and human podocyte cell lines, podocytes transformed by thermosensitive SV40 T (tsT) exhibit phenotypic differences compared with podocytes in vivo, with reduced expression of certain differentiation marker genes (13, 24) .
Cyclin-dependent kinase 4 (CDK4), a catalytic subunit of the cyclin D-CDK4 serine/threonine kinase complex, is a critical regulator of the cell cycle. CDK4 is the first kinase activated by mitogenic signals. The kinase activity of CDK4 is specifically involved in progression through G1, via phosphorylation of retinoblastoma (Rb) family members (4) . Recently, Ramirez et al. (22) immortalized human bronchial epithelial cells by ectopic expression of CDK4 and human telomerase (hTERT). Microarray analysis showed that CDK4/hTERTimmortalized cells showed significantly different gene expression profiles compared with cells immortalized with human papiloma viral oncoproteins E6/E7 or SV40T and that CDK4-transformed cells clustered with primary bronchial epithelial cells. In addition, recent studies showed that cells immortalized with CDK4 are useful tools to study physiology and pathophysiology (8, 23, 30) .
We set out to develop an alternative approach to transforming podocytes by comparing the phenotype among primary cells, CDK4-transformed podocytes (CDK4-podocytes) and thermosensitive SV40 T mutant tsA58U19 (tsT-podocytes). We found that CDK4-podocytes and tsT-podocytes showed distinct gene expression patterns. Furthermore, we found that confluent CDK4-podocyte cultures showed higher levels of gene expression for multiple podocyte differentiation genes compared with subconfluent or lower density culture. We defined the role of cellular quiescence (reversible cell cycle arrest) and soluble factors in the confluence effects and conclude that cell-cell contact has a distinct effect in driving expression of particular podocyte differentiation genes.
METHODS

Glomerular isolation.
Isolation of glomeruli from mouse kidneys was performed as previously reported (29) . Briefly, a 5-wk-old female CD1 mouse was anesthetized with peritoneal injection of tribromethanol (Avertin, Sigma, St. Louis, MO) and perfused through the heart with Dynabeads M-450 tosylactivated (Invitrogen, Carlsbad, CA) prepared in 50 ml of Hank's buffered salt solution (HBSS) with calcium and magnesium. Kidneys were minced with a razor blade, digested with collagenase and DNAse for 30 min, and passed through 100-m cell strainer twice. Gomeruli were collected with a magnet and washed with HBSS four times, and placed in culture. Animal experiments were approved by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Animal Care and Use Committee and carried out under the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Primary culture of podocytes. Primary podocyte cultures were established as previously reported (1, 14) . Briefly, isolated glomeruli were plated on type I collagen-coated culture ware (BD Biosciences, San Jose, CA) in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 100 U/ml of penicillin G sodium (penicillin G), and 100 g/ml of streptomycin sulfate (streptomycin). Decapsulation of Bowman's capsule was confirmed under phase contrast microscopy. After incubation for 72 h, glomeruli and out-migrating cells were harvested by trypsin digestion. Glomeruli were removed by a 50-m cell strainer and magnet, and cells were subcultured.
Retroviral infection and culture. Primary podocytes, after two passages, were infected with retrovirus carrying CDK4 (22) or SV40 large T antigen mutant tsA58U19 (11, 27 ) with 8 g/ml polybrene. Beginning after 72 h, cells were treated with 0.2 mg/ml G418 at 37°C (CDK4) or 33°C (tsA58U19) for 14 days. Transformed cells were maintained in RPMI 1640 medium supplemented with 10% FBS, penicillin G, and streptomycin on type I collagen-coated culture ware (BD Biosciences). The SV40-transformed mouse mesangial cell line MES13 (ATCC, Manassas, VA) was used as a negative control for podocyte marker gene expression. The cells were grown in DMEM supplemented with 10% FBS, penicillin G, and streptomycin.
In a preliminary study, nephrin mRNA expression was compared among CDK4-podocytes at passages 10, 15, and 20. Cells at passage 10 showed significantly higher nephrin mRNA expression than passage 15 or 20 while no difference was observed between passages 15 and 20. Thus, CDK4-podocytes from passage 15 to 20 were used to minimize an effect of serial passage on gene expression analysis. tsT-podocytes at passage 10 were used for indicated experiments.
For the cell density study of CDK4-podocytes, cells were plated at 2.13 ϫ 10 4 /cm 2 in a six-well dish, 0.71 ϫ 10 4 /cm 2 in 60-mm dishes, 0.24 ϫ 10 4 /cm 2 on 100-mm dishes, or 0.08 ϫ 10 4 /cm 2 in 100-mm dishes and incubated for 72 h. For the cell density study of tsTpodocytes, cells grown at 33°C were suspended with trypsin digestion, plated at 2.13 ϫ 10 4 /cm 2 in a six-well dish or 0.24 ϫ 10 4 /cm 2 on 100-mm dishes, and cultured for 5 days at 37°C. For the time course study, confluent CDK4-podocytes were suspended by trypsin digestion, seeded at 0.71 ϫ 10 4 /cm 2 on 60-mm dishes, and RNA samples were collected daily until day 5. Half the volume of growth medium was replaced with fresh growth medium at day 3. For the serum deprivation study, CDK4-podocytes were plated at 0.71 ϫ 10 4 /cm 2 on 60-mm dishes and the growth medium was replaced with medium supplemented with 0.1% FBS at 48 h. The cells were analyzed at 48, 96, and 144 h after start of the culture. For the conditioned medium study, confluent CDK4-podocytes were fed with fresh growth medium; 24 h later, the conditioned medium was collected, centrifuged to remove cellular debris, and frozen. CDK4-podocytes were plated at 0.71 ϫ 10 4 /cm 2 on 60-mm dishes and 48 h later, growth medium was replaced with the conditioned medium or as a control, fresh growth medium; after 24 h of further culture, cells were harvested for RNA.
Quantitative RT-PCR. Total RNA was purified by miRNeasy Mini Kit (Qiagen, Valencia, CA) and cDNA was synthesized using High Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA). Quantitative (q) RT-PCR was carried out in ABI Prism 7900HT Sequence Detection System (Applied Biosystems) with Power-SYBR green PCR Master Mix (Applied Biosystems). Relative amounts of indicated genes were calculated by the ⌬⌬Ct method and normalized to ␤-actin.
The primers were as follows: mouse nephrin forward (F) GCCACCAC-CTTCACACTGAC, reverse (R) AGACCACCAACCGCAAAGAG; mouse synaptopodin (F) CATCGGACCTTCTTCCTGTG, (R) TCG-GAGTCTGTGGGTGAG; mouse WT1 (F) CCAGCCTACCATCCG-CAAC, (R) GGGTCCTCGTGTTTGAAGG; mouse podocalyxin (F) GAGCACAGCGAGCCATCC, (R) GTGGAGACGGGCAATGTAG; mouse P-cadherin (F) CCTGGAAGGGTGGTTTCATC, (R) TCTCGCGTGTCATCTTCTGG; mouse MYH9 (nonmuscle myosin heavy chain IIA, NMHC-IIA) (F) GAAGAAGGTGAAGGTGAA-CAAGG, (R) TCTGTGATGGCGTAGATGTGG; mouse podocin (F) GGGCATCAAAGTGGAGAGAACTG, (R) TGGACAGCGACT-GAAGAGTGTG; mouse histone cluster 2, H4 (Hist2h4) (F) CAC-CGAGCACGCCAAGCGCA, (R) TTGAAGCGGCGGCGTCTAGC; mouse GAPDH (F) TGCAGTGGCAAAGTGGAGATT, (R) TT-GAATTTGCCGTGAGTGGA; mouse ␤-actin (F) GTCCACACCCGC-CACCAG, (R) TGACCCATTCCCACCATCAC.
The absence of genomic DNA contamination was confirmed by demonstration that there was no amplification following cDNA synthesis and PCR in the absence of reverse transcriptase (RT). qRT-PCR products were subjected to agarose gel electrophoresis and a single band of the expected size was confirmed. RT-PCR products using mouse kidney tissue were used as a positive control.
Immunofluorescent staining and phalloidin staining. Cells cultured on type I collagen-coated coverslips (BD Biosciences) in six-well dishes were fixed by ethanol acetone (1:1) for 20 min at Ϫ20°C or 4% paraformaldehyde in PBS for 30 min at room temperature followed by permeabilization with 0.2% Triton X-100 in PBS for 10 min. After incubation with a blocking solution (2% FBS, 2% bovine serum albumin, 0.2% gelatin in PBS) for 30 min, cells were probed with mouse monoclonal anti-synaptopodin antibody, Clone G1D4 (Fitzgerald Industries International, Concord, MA) ready to use, mouse monoclonal anti-nestin antibody, clone Rat-401, (Millipore) at a dilution of 1:200, mouse monoclonal anti-WT1 antibody, clone 6F-H2 (Millipore) at 1:100 dilution, mouse monoclonal anti-pan cytokeratin (mixture; Sigma) at 1:100 dilution, rabbit polyclonal anti-NMHC-IIA (Covance, Vienna, VA) at 1:500 dilution, rabbit polyclonal antinonmuscle myosin heavy chain IIB (NMHC-IIB; Covance) at 1:500 dilution, rabbit polyclonal anti-Ki67 (Abcam, Cambridge, MA) at 1:500 dilution, rabbit polyclonal anti-desmin antibody (Sigma) at 1:25 dilution, or guinea pig anti-nephrin antibody (Fitzgerald Industries International) at 1:100 as a primary antibody for 1 h at room temperature. Signals were visualized by incubating cells with Alexa Fluora 488-conjugated anti-mouse, anti-rabbit, or anti-guinea pig secondary antibody (Invitrogen). To stain F-actin, cells were incubated with Alexa Fluora 594-phalloidin (Invitrogen) at 1:200 dilution for 1 h. Normal mouse IgG or normal rabbit IgG was used as a negative control to determine the specificity of each antibody.
Western blotting. Cultured cells were lysed and a mouse kidney tissue was homogenized in RIPA buffer with protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Thirty micrograms protein extracts were electrophoresed on NuPAGE 4 -12% bis-tris gel (Invitrogen) under reducing conditions and transferred to nitrocellulose membrane. The membrane was incubated with polyclonal guinea pig anti-nephrin antibody (Fitzgerald Industries International) at 1:500 dilution or mouse monoclonal anti-␤ actin antibody (Sigma) at 1:5,000 at 4°C overnight, followed by secondary antibody to guinea pig IgG conjugated with horseradish peroxidase. The blots were developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL).
Cell proliferation assay. Cells cultured in six-well plates, 60-mm or 100-mm dishes at various densities were incubated with 10 M 5-bromo-2=-deoxyuridine (BrdU; Sigma) for 2 h. The cells were then suspended in growth medium by trypsin digestion, plated in 96-well plates at 1.0 ϫ 10 4 /well, and centrifuged for 10 min at 1,000 rpm at 208 g. Supernatants were discarded and the cells were subjected to cell proliferation assay using BrdU Cell Proliferation Assay (EMD Chemicals, Gibbstown, NJ) according to the manufacturer's instruction.
Statistics. Statistical analyses were carried out using Prism 5 software (GraphPad Software, San Diego, CA). Significance was evaluated by one-way ANOVA, using Bonferroni testing for intergroup comparisons. A P value of Ͻ0.05 was taken as significant.
RESULTS
Primary culture of mouse podocytes was established, with representative morphology at 72 h after glomerular isolation shown in Fig. 1A . At this time, irregular shaped cells had migrated from glomeruli. Glomeruli were removed at this time point. Following two subcultures, cells were noted to be larger than before subculture and formed epithelial cell-like monolayers (Fig. 1B) . We transformed the primary glomerular epithelial cells after subculturing twice using two different transgenes: CDK4 or tsT, the conventional method. CDK4-podocytes (Fig. 1C) and tsT podocytes, cultured under growthrestricted condition (GR; Fig. 1D ), had distinct morpholgies. The CDK4-podocytes preserved an epithelial morphology, while tsT-podocytes exhibited elongated spindle shape.
We compared podocyte marker gene expression, assessed by qRT-PCR, between primary podocytes passaged three times, tsT podocytes passaged nine times, and CDK4 podocytes passaged 14 times to define the phenotypic effect of the transformation (Fig. 2) . Compared with primary murine podocyte cultures, nephrin mRNA was diminished in tsT-podocytes under both GP and GR conditions, while it was well-preserved in CDK4-podocytes ( Fig. 2A) . Synaptopodin mRNA expression was significantly lower in CDK4-podocytes than in primary cells. On the other hand, significant upregulation of synaptopodin mRNA after growth restriction was observed in tsT-podocytes. Upregulation after growth restriction in tsTpodocytes was also observed for podocalyxin mRNA expression. WT1, P-cadherin, and MYH9 (NMMHC-IIA) mRNAs were mostly preserved in both CDK4-podocytes and tsTpodocytes and did not change after growth restriction in tsTpodocytes. Podocin mRNA was not detected in primary cells, CDK4-podocytes, or tsT podocytes (data not shown). These findings suggest that CDK4-podocytes and tsT-podocytes have distinct phenotypes in terms of morphology and gene expression. We note that the mRNA expression levels of nephrin, synaptopodin, WT1, P-cadherin, podocalyxin, and MYH9 in mesangial cell line MES13 used as a negative control were significantly lower than those of CDK4-podocytes ( Fig. S1A ; the online version of this article contains supplemental data).
We next characterized CDK4-podocytes for podocyte markers by immunofluorescent staining (Fig. 3) . Transcription factor WT1 was identified in nucleus. Intermediate filament proteins nestin and desmin were expressed in a fine filamentous pattern in the cytoplasm. Cortical F-actin and a moderate degree of stress fiber formation were demonstrated by phalloidin staining. The actin-binding protein synaptopodin was expressed in the cytoplasm, closely colocalized with F-actin, and expression was especially in flat, large cells suggestive of either quiescence or senescence. NMHC-IIA (MYH9 gene Fig. 2 . mRNA expression of podocyte markers in podocytes transformed by CDK4 is distinct from podocytes transformed by thermosensitive SV40 large T antigen. Expression of nephrin (A), synaptopodin (B), Wilms tumor 1 (WT1; C), P-cadherin (D), podocalyxin (E), or nonmuscle myosin heavy chain IIA (MYH9; F) mRNA in primary podocytes (primary-p), podocytes transformed by CDK4 (CDK4-p), or podocytes transformed by tsA58U19 (tsT-p) under growth-permissive condition (GP), growth-restricted condition (GR) day 5, or GR day 14 grown in confluence was analyzed by quantitative RT-PCR. A: nephrin mRNA was diminished in tsT-p in contrast to CDK4-p in which it was preserved. B: synaptopodin mRNA was suppressed in CDK4-p and tsT-punder GP and GR at day 5, whereas it was retained in tsT-p under GR at day 14. D: podocalyxin mRNA was higher in CDK4-p and tsT-p under GR day 14 compared with primary podocytes. C, D, F: expression of WT1, P-cadherin, and MYH9 mRNA was mostly preserved in both CDK4-p and tsT-p. The data were normalized to ␤-actin mRNA. Data are presented as means Ϯ SD of triplicate cultures, relative to primary podocytes. ***P Ͻ 0.001. Fig. 3 . Podocyte culture transformed by CDK4 expresses podocyte marker proteins. Immunofluorescent staining of podocytes transformed by CDK4 was carried out for WT1, nestin, desmin, synaptopodin, nonmuscle myosin heavy chain IIA (NMHC-IIA), or nonmuscle heavy chain IIB (NMHC-IIB). Transcription factor WT1 was localized to nuclei. Intermediate filament protein nestin and desmin exhibited a fine filamentous pattern. The actin-binding protein synaptopodin colocalized with actin and was expressed most abundantly in large flattened cells suggestive of quiescent or senescent cells. The nonmuscle myosin heavy chains NMHC-IIA and NMHC-IIB were detected and colocalized with actin. Original magnification: WT1, ϫ200; and others, ϫ400. Nephrin expression was detected by Western blotting. The expression level was lower than that of mouse kidney tissue used as a positive control. ␤-Actin served as a loading control. product) and NMHC-IIB (MYH10 gene product) were stained in the cytoplasm and colocalized with F-actin. Notably, NMHC-IIA was present in cortical actin and stress fibers, while NMHC-IIB was largely localized with stress fibers. Although nephrin was not detected by immunofluorescent staining, low expression of nephrin was observed by Western blotting (Fig. 3) . Cytokeratins, a family of intermediate filament protein characteristic of parietal epithelial cells, were not expressed. Specificity of the immunostaining was confirmed by lack of signals in normal mouse or rabbit IgG control (data not shown).
To investigate culture methods that might enhance expression of podocyte marker genes, we compared mRNA expression by qRT-PCR among CDK4-podocytes cultured at several densities (Fig. 4A) . Interestingly, mRNA expression of all genes analyzed (nephrin, synaptopodin, WT1, P-cadherin, podocalyxin, and MYH9) was highest in cells in confluent cells and diminished with decreasing cell density. The expression level correlated directly with cellular density, with the weakest effect seen for MYH9 (Fig. 4B) . Notably, even subconfluent cells (estimated at 90% confluence) exhibited significantly lower mRNA expression of all genes, with the exception of MYH9, compared with confluent cultures. To exclude the possibility that the high expression of these genes in the confluent culture was due to downregulation of the normalizing gene ␤-actin, we analyzed mRNA expression of Hist2h4 and GAPDH, alternative internal control genes to ␤-actin. Hist2h4 or GAPDH expression normalized to ␤-actin was not significantly different among various densities (Fig. S1B) . To demonstrate that the effects of cell density extended to podocytes other than CDK4-podocytes, we cultured tsT-podocytes at high or low density and compared mRNA expression for the six podocyte markers. Expression of all the genes analyzed was significantly higher in tsT-podocytes at high density than low density (Fig. S1C) .
To further evaluate an effect of cellular density on podocyte marker gene expression, we carried out a time course study, using cells harvested at various times after plating (Fig. 5) . Confluent cells suspended in medium before plating in dishes (day 0) exhibited high expression of each gene. Expression of each gene was immediately diminished after subculture, reached the lowest levels within 2 days, and then consistently increases as cellular density was increased, with more modest effects for synaptopodin and MYH9 compared with the other genes.
We next addressed possible mechanisms by which cell density might regulate podocyte gene expression; specifically, we considered possible roles for cell-cell contact, cellular quiescence, and soluble autocrine/paracrine factors released from cells. Initially, we considered whether cell cycling contributed. First, while BrdU incorporation was much higher at 50 and 30% confluence, there was no difference in BrdU incorporation between 90 and 100% confluent cultures, despite substantial differences in gene expression (Fig. 4C) . Second, following cellular quiescence induced by serum deprivation, growth arrest at 48 and 96 h was confirmed by similar cell density (Fig. 6B ) and similar (low) levels of Ki67 expression (Fig. 6C) . Nevertheless, after 96 h of serum deprivation compared with 48 h, synaptopodin and podocalyxin mRNA levels were significantly increased, whereas expression of other genes were unchanged (Fig. 6A) . These findings suggest the distinct pattern of synaptopodin and podocalyxin gene expression is either due to very modest (nonsignificant) changes in cell density or that cell cycle arrest induces synaptopodin and podocalyxin mRNA. This latter possibility is supported by the observation that synaptopodin and podocalyxin mRNAs were also the two genes upregulated in tsT-podocytes after growth arrest (Fig. 2, B and E) .
We next carried out an experiment to put cells in growth arrest to see whether gene expression was still affected by cell density. Cells were cultured at high or low density and then subjected to serum starvation to suppress cell proliferation (Fig. 7) . After 96 h of serum deprivation, BrdU incorporation was identical between the cultures (Fig. 7B) . However, synaptopodin, WT1, podocalyxin, and P-cadherin mRNA expression were significantly higher in cells at high density (Fig. 7A) . These findings suggest the factors associated with confluence other than cell cycle arrest also contribute to the expression of these four mRNAs.
To investigate a possible role for soluble autocrine and/or paracrine factors that might accumulate in high-density cultures, we cultured CDK4-podocytes in conditioned medium (CM) or growth medium (GM) for 24 h. Only nephrin mRNA was higher in cells treated with CM compared with GM (Fig. 8A) . To control for possible effects of soluble factors, we cultured cells at high and low density, replacing medium every 12 h. Nephrin mRNA was still increased in high-density cultures compared with low-density cultures, suggesting either that soluble factors Fig. 4 . Culture at high cellular density induces mRNA expression of multiple podocyte markers. A: mRNA expression of nephrin, synaptopodin, WT1, P-cadherin, podocalyxin, and nonmuscle myosin heavy chain IIA (MYH9) in podocytes transformed by CDK4 at diverse cell densities was analyzed by quantitative RT-PCR, normalized to ␤-actin mRNA, and shown relative to expression at 100% confluence. Compared with confluent cells, subconfluent cells exhibited significantly lower mRNA expression of every gene, except for MYH9 for which the differences were only apparent at 50% confluence. B: corresponding number of cells/cm 2 is shown. C: cell proliferation was measured by the rate of 5-bromo-2=-deoxyuridine (BrdU) incorporation. BrdU incorporation levels were similar between confluent and subconfluent cells, but were significantly higher in cells at 50 and 30% confluent cells. Cellular confluency (A, B, C) are estimates. Data are presented as means Ϯ SD of triplicate cultures (A-C). *P Ͻ 0.05. **P Ͻ 0.001. ***P Ͻ 0.001. NS, not significant. accumulate rapidly or that nephrin expression is particularly dependent on cell density.
Taken together, these results suggest the following: 1) cell density, possibly acting via cell-cell contact, appears to contribute to the expression of five podocyte mRNAs other than MYH9, 2) growth arrest may also contribute to the particular expression pattern seen with synaptopodin and podocalyxin mRNA, and 3) soluble factors may contribute to expression of nephrin mRNA.
DISCUSSION
In the present report, we describe mouse podocyte cultures transformed by CDK4 as a nonviral immortalizing gene (22) and found the CDK4-transformed cells exhibited a distinct phenotype, compared with podocytes transformed by tsT. In addition, we found that cell density had a prominent effect on podocyte marker genes in CDK4-podocytes. Our studies are consistent with the interpretation that cell-cell contact was the dominant factor regulating the podocyte marker gene expression in CDK-podocyte cultures, with a contributing role for growth arrest (synaptopodin, podocalyxin mRNA) and possibly for soluble factors released from cells (nephrin mRNA).
As compared with primary podocytes and CDK4-podocytes, nephrin mRNA expression in tsT-podocytes was low and did not recover after growth restriction ( Fig. 2A) . This resembles the findings in our recent studies describing generation of mouse podocyte cell line transformed by H2Kb-tsA58 (13) and human podocyte cell lines by tsT and hTERT (24) . SV40 T inhibits the function of the tumor suppressor Rb protein and consequently activates transcriptional factor E2F family, which in turn promotes G1/S transition; this function is shared with CDK4. Furthermore, SV40 T is known to bind to tumor suppressor p53 and block its ability to activate gene expression (21) . In addition to a regulation of gene expression by suppressing these tumor suppressors, SV40 T interacts directly with the cellular transcriptional machinery through diverse mechanisms (7, 12, 15) and the regulation is cell-type specific (5).
Podocin mRNA was absent and nephrin protein expression was low in CDK4-podocytes, which represents a limitation of this approach. Podocin mRNA was not detected even in primary cultures. Nephrin and podocin mRNA were reported to decrease after subculture in rat primary podocytes (14) . In the present study, to obtain sufficient amount of cells, primary podocytes were used for qRT-PCR after three subcultures, and transformation was performed after two subcultures. These serial passages of primary podocytes could have diminished podocin mRNA expression. Primary culture methods that allow podocytes to retain the in vivo phenotype better than the current approach are needed. We note that our culture methods were similar to those used by other investigators (14) .
Another limitation of our study is the use of heterogeneous cell cultures of CDK4-podocytes and tsT-podocytes. We acknowledge heterogeneity of gene expression among the cells and possible contamination of other type of cells could affect our results. Clones obtained by single cell cloning could be prepared for the future use, especially for sensitive assays like microarray, although clone-to-clone variation may be a problem. Healthy podocytes in vivo are generally held to be terminally differentiated growth-arrested cells. Proliferation of dysregulated podocytes (or perhaps podocyte progenitor cells) underlies pathogenesis of collapsing glomerulopathy (3, 26) . Synaptopodin mRNA expression was suppressed in tsT-podocytes under growth-permissive conditions and CDK4-podocytes compared with primary podocytes (Fig. 2, B and D) . However, synaptopodin mRNA expression was upregulated consistently in tsT-podocytes after growth restriction (Fig. 2, B and D) and after a serum starvation in CDK4-podocytes (Fig.  5, B and D) , suggesting that cellular quiescence promoted expression of this gene. This result was congruent with our previous study using a mouse podocyte cell line immortalized by thermosensitive SV40 T in which synaptopodin was profoundly increased after growth restriction (13) . Our findings are also supported by a report by Wu et al. (31) that G0/G1 growth arrest promoted differentiation of podocytes, as determined by high synaptopodin expression. We note that in the present work, the transgene is consistently expressed in CDK4-podocytes and cells are not quiescent unless deprived of serum, while SV40 T is inactivated in tsT-podocytes under growthrestricted conditions.
Nephrin mRNA in the CDK4-podocytes was upregulated by incubation with podocyte-conditioned medium. Soluble factors including cytokines, retinoids, and steroid hormones have been reported to upregulate nephrin gene expression (17, 28, 32) . We recently identified secreted proteins using conditioned medium derived from human podocyte culture by a proteomics approach (18) . Further study will be required to identify autocrin and/or paracrine activators for nephrin gene expression.
Cell-cell contact has been shown to regulate gene expression in several cell types (2, 6, 9) . More recently, Hwang et al. (10) showed that microRNA expression was globally activated by cell-cell contact, using cell culture approaches very similar to those that we have taken to isolate the effects of cell-cell contact. In our study, we found that expression of nephrin, synaptopodin, WT1, P-cadherin, and podocalyxin mRNA was significantly higher in confluent CDK4-podocytes than subconfluent or less confluent cells (Fig. 4) . Cell-cell contact, cellular quiescence, and soluble factors were considered as possible contributors to this high expression. Among these three factors, cellular quiescence was found to promote synaptopodin and podocalyxin expression. When an effect of cellular proliferation was eliminated, an effect of cell density was apparent for synaptopodin, WT1, podocalyxin, and Pcadherin. We also found soluble factors may contribute to nephrin mRNA expression. Under conditions in which the effect of soluble factors was minimized, an effect of cell density for nephrin mRNA expression was still observed. Thus, Fig. 6 . Cellular quiescence promotes mRNA expression of synaptopodin and podocalyxin. A: mRNA expression of nephrin, synaptopodin, WT1, P-cadherin, podocalyxin, and MYH9 in podocytes transformed by CDK4 at 48 or 96 h after serum starvation was measured by quantitative RT-PCR. At 96 h, compared with 48 h, synaptopodin and podocalyxin mRNA expression was significantly increased. Cellular quiescence at 48 and 96 h was confirmed by similar cell densities (B) and reduction of Ki67-positive cells compared with 0 h (C). Data were normalized to ␤-actin mRNA and relative expressions to 48 h are shown as means Ϯ SD of triplicate samples (A). ***P Ͻ 0.001, **P Ͻ 0.01. Fig. 7 . Cell density and not only cellular quiescence contributes to synaptopodin, WT1, podocalyxin, and P-cadherin mRNA expression. Podocytes transformed with CDK4 were plated at high (H) or low (L) density, and growth medium supplemented with 10% FBS was replaced with medium containing 0.1% serum at 48 h. Cells were cultured for a further 96 h until analysis. mRNA for nephrin, synaptopodin, WT1, P-cadherin, podocalyxin, and MYH9 were measured by quantitative RT-PCR (A), and BrdU incorporation was quantified by enzyme-linked immunosorbent assay (B). Synaptopodin, WT1, podocalyxin, and P-cadherin mRNA expression were higher in cells at H than L. In contrast, BrdU incorporation was mostly equal between H and L. The cellular density of each (H) and (L) was 1.87 cells/cm 2 (100% confluence) and 0.54 cells/cm 2 (50% confluence). The data were normalized to ␤-actin mRNA (A). Relative expression to cells at H is shown as means Ϯ SD of triplicate samples (A, B). **P Ͻ 0.01 and *P Ͻ 0.05. Fig. 8 . Soluble autocrine/paracrine factors as well as cell-cell contact induce nephrin mRNA expression. A: conditioned medium (CM) was collected from confluent podocytes transformed by CDK4 (CDK4 podocytes) after 24 h of incubation. CDK4-podocytes were cultured in CM or normal growth medium (GM) for 24 h, and mRNA expression of nephrin, synaptopodin, WT1, P-cadherin, podocalyxin, and MYH9 was determined. Nephrin mRNA was higher in cells cultured in CM than GM, whereas other markers were not significantly upregulated. B: cells were plated at H or L and growth medium was replaced every 12 h for 72 h. Cells at H exhibited higher expression of nephrin mRNA than L. The data were normalized to ␤-actin mRNA. Gene expression relative to podocytes cultured in GM (A) or at H (B) are presented as means Ϯ SD of triplicate samples. *P Ͻ 0.05.
we believe cell-cell contact played a role in mRNA expression of synaptopodin, WT1, podocalyxin, P-cadherin, and possibly nephrin.
In conclusion, we generated CDK4-podocytes, shown that these cells have a distinct phenotype from tsT-podocytes, and demonstrated that cell-cell contact is an important regulator of gene expression. It is well-recognized that podocyte loss initiates and promotes glomerular disease progression (16, 20) . While cultured podocytes lack normal cell-cell podocyte contacts, including slit diaphragms, our results are compatible with a feed-forward model in which normal cell-cell contact between podocytes initiates signals that maintain a differentiated phenotype, and conversely loss of these signals degrades podocyte phenotype.
